ABSTRACT This paper focuses on time allocation to maximize the minimum throughput and sumthroughput of all users in a multi-cell wireless powered communication network (WPCN). Since interference of multi-cell WPCN is difficult to be calculated, we consider a multi-cell WPCN with load coupling and longterm average interference at all hybrid access points. The problems of maximizing the minimum throughput and sum-throughput are non-convex. First, two efficient optimization approaches are proposed to transform them into convex ones. As the max-min fairness throughput scheme cares more about the worst-case user, the doubly near-far problem can be addressed by the minimum throughput maximation. We also demonstrate the effectiveness of the proposed approaches through numerical analysis.
I. INTRODUCTION
User equipments served by traditional wireless communication networks face a tremendous challenge in recharging themselves and maintaining uninterrupted connections. In addition, it is not workable to replace batteries in some applications, such as medical electronic devices implanted in human body [1] , [2] . As a candidate to address this plight, radio-frequency (RF) based wireless energy harvesting technology can provide stable and continuous energy to supply wireless devices in communication networks [3] . According to the different application scenarios, it can generally be divided into two research directions: simultaneous wireless information and power transfer (SWIPT) and wireless powered communication network (WPCN), which concentrate upon downlink (DL) information transmission and uplink (UL) information transmission, respectively. In a WPCN, user equipment collects energy from RF signal sent by energy transmitter to achieve its own information transmission.
Ju and Zhang [4] have studied a single-cell WPCN and proposed a ''harvest-then-transmit'' protocol with time-divisionmultiple-access (TDMA). Under the power constraint of hybrid access point (HAP), the work in [5] has maximized sum-throughput by jointly optimizing transmit power of HAP and time allocation among all users. Multi-antenna HAP based on WPCN can improve the efficiency of HAP energy transmission and information harvest in [6] which has maximized the minimum throughput by jointly optimizing time allocation, energy beamforming and user transmit power. The WPCN based on massive multiple-input multiple-output (Massive MIMO) improves antenna gain and mitigates multi-user access interference in [7] which jointly optimizes channel estimation, wireless energy transfer (WET) and wireless information transfer (WIT). Besides, full-duplex HAP is applied to WPCN in [8] - [10] which can utilize time and spectrum resources more effectively. There is also a serious user unfairness problem in [4] which is the 'doubly near-far' issue. Users far away from HAP harvest less wireless energy than near users, but far users need more wireless energy to transmit information. To solve this problem, Di et al. [11] has considered user cooperation that a user near the HAP acts as a relay node to help far user transmit information. A wireless powered secure communication network have been investigated in [12] which has maximized the minimum secrecy throughput of all users.
The above researches are all based on a single-cell WPCN. In real life, the number of network devices has increased and the population distribution area has gradually expanded. A HAP is insufficient to meet people's daily communication needs. Deploying multiple HAPs to form a multi-cell WPCN is an inevitable trend.
A large-scale WPCN has been presented in [13] . It has adopted homogeneous Poisson Point Processes (PPPs) and proposed a new ''harvest-then-transmit'' protocol. According to [13] , increasing the number of users can maximize sumthroughput of all users but lead to increased interference. The work in [14] has investigated large-size WPCN about the location deployment of energy access point (EAP) and information access points (IAPs). EAP and IAP are not co-located as a HAP. A multi-cell WPCN has been modeled in [15] which jointly optimizes intra-cell time allocation and intercell load balancing for maximizing sum-throughput of all users. However, this multi-cell WPCN model adopts a fixed inter-cell interference at IAPs. Asynchronous time allocation of WET and WIT has been proposed in [16] . This work thinks a HAP only supports its corresponding user by interference channel and it is equivalent to a cell with only one user.
In this paper, we study a multi-cell WPCN and evaluate the performance of this system. The biggest difficulty is how to calculate interference at HAPs. The detailed contributions of this paper are as follows:
• We consider a multi-cell WPCN with load coupling and adopt ''harvest-then-transmit'' protocol. For each user, WET time allocation is consistent. In WIT phase, intracell users adopt TDMA mode according to cell division. Therefore, intra-cell interference does not exist. For inter-cell interference, we reckon the long-term average interference at each HAP due to random distribution of time allocation.
• To fully evaluate the performance of the multi-cell WPCN model, we optimize WET time allocation and intra-cell users time allocation to maximize the minimum throughput among all users (i.e., max-min fairness throughput) and maximize sum-throughputs of all users (i.e., max sum-throughput). Both of these problems are non-convex. To this end, two efficient optimization approaches are proposed to solve them respectively.
• We perform numerical analysis to evaluate the performance of the multi-cell WPCN system. By comparing max-min fairness throughput and max sum-throughput schemes, we show that it is necessary to establish a multi-cell WPCN. The rest of this paper is organized as follows. A multi-cell WPCN model is introduced in section II. Section III formulates max-min fairness throughput problem and presents an appropriate transformation approach to solve it. In section IV, we firstly formulate max sum-throughput problem, then an efficient optimal approach is proposed to convert it into convex one. The performance of multi-cell WPCN system is assessed by comparing the simulation results of two schemes in section V. Finally, we conclude this paper in section VI.
II. SYSTEM MODEL
We consider a multi-cell WPCN consisting of N HAPs and K users, where each cell is deployed with a single-antenna HAP and each single-antenna user has a rechargeable battery. The users can harvest energy from all HAPs which is stored in corresponding rechargeable battery, and then transmit individual information with store energy.
The DL channel power gain from HAP n to user k is denoted by h n,k and the UL channel power gain from user k to HAP n is g k,n . It is assumed that all channels are quasi-static flat-fading and independent, so that all channel coefficients keep constant during a time period but may vary from in different time periods.
is the user association indicator. When user k is served by HAP n, x k,n = 1; otherwise x k,n = 0. Since each user is served by only one HAP, we have
X n is defined as a set of users in the cell n (i.e.,
The number of users of cell n is |X n | = K k=1 x k,n . In this paper, each user chooses the HAP with the highest UL channel power gain.
The ''harvest-then-transmit'' protocol [4] is adopted in WPCN. A time period of length T is divided into two phases, i.e., the DL WET phase and the UL WIT phase. During the WET phase with time duration τ 0 T (0 < τ 0 < 1), all HAPs broadcast wireless energy to all users with fixed transmit power P (0) n (n = 1, 2, · · · , N ). Each user stores the harvested wireless energy. During the WIT phase, all users send information to the corresponding HAP by TDMA in each cell. The time duration of user k to HAP n is denoted as
According to the division of the cells, the sum of time allocation of users in each cell and time of the WET phase is not greater than T , which can be expressed as
Without loss of generality, we assume T = 1. In the DL WET phase, HAP n transmits random energy signal s 
n . The received signal of user k can be written as
where h n,k is the DL channel coefficient between HAP n and user k, and z k is the noise power at user k. The amount of energy harvested by user k can be given by
where the noise power is negligible [4] and 0 < η ≤ 1 is the energy harvesting efficiency. In the UL WIT phase, each user exhaustively utilizes its harvested energy to transmit independent information within 26520 VOLUME 6, 2018 the allocated time. Thus, the transmit power of user k to HAP n is denoted as
Consider a multi-cell WPCN with load coupling [17] - [19] . By adopting TDMA, intra-cell interference does not exist, but inter-cell interference still exists. When x k,n = 1, τ k,n is time fraction of user k ∈ X n in the cell n, which can be regarded as a load factor in [17] and [18] . Our main concern is the UL WIT. The load of cell n can be computed by the load summation of user k ∈ X n associated with HAP n, which satisfies k∈X n τ k,n ≤ 1−τ 0 . It can be found that the average transmit power of users in the cell n is k∈X n τ k,n P (1) k [17] , [18] . If the time allocation is randomly distributed, for a given user served by association HAP, inter-cell interference from users in other cells to this association HAP is long-term average interference [17] . The average signal-to-interferenceplus-noise ratio (SINR) of user k served by HAP n is denoted as
where σ n is the white Gaussian noise power at HAP n. For calculating the average interference power, equation (5) is widely utilized by load variables on multi-cell networks [17] - [20] . Therefore, we can obtain the throughput of user k ∈ X n associated with HAP n as
By substituting (4) into (6), the throughput of user k can be written as
where
. It is observed that the throughput of user k is only related to τ k,n and τ 0 , and is independent of the time allocation of users in other cells. In addition, inter-cell interference is the same for users in the same cell, i.e., the numerator of α k,n is the same to users in the same cell.
Let τ τ τ = τ k,n | n = 1, 2, · · ·, N , k ∈ X n . In this paper, given user association, we optimize the time allocation τ 0 and τ τ τ .
III. MAX-MIN FAIRNESS THROUGHPUT OPTIMIZATION
In this section, in order to deal with the 'doubly near-far' problem and ensure quality-of-service (QoS) for each user, we consider the max-min fairness throughput (MMFT) problem. In a worst-case communication environment, MMFT can effectively improve user performance. When the minimum throughput of whole networks is increased, throughput of other users can also be guaranteed, further achieving user fairness in the multi-cell WPCN. The MMFT problem is presented as
By introducing an auxiliary variable S, problem (8) can be transformed into the following form.
If problem (9) is feasible, all users must obtain a positive throughput and τ 0 , τ τ τ > 0 [15] , [21] . Therefore, we can introduce variable replacements S exp(S), τ 0 exp(t 0 ) and τ k,n exp(t k,n ) for n = 1, 2, · · · , N and k ∈ X n [21] .
Let t t t = t k,n | n = 1, 2, · · ·, N , k ∈ X n . Then problem (9) can be rewritten as
Proposition 1: Problem (10) is convex. Proof: It can be derived that (10a) and (10b) are convex. However, the constraint (10c) is not convex in its current form. Next, we show the convexity of (10c) motivated by [21] . The constraint (10c) can be transform into the following form.
Taking natural logarithm on both sides of (11), we can obtain
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The Hessian matrix of (13) can be derived
where β = ln 2 · exp(S − t k,n ) ≥ 0 and ϕ = exp(β) − β − 1. When β ≥ 0, ϕ is a monotone increasing function. Accordingly, we can found ϕ ≥ ϕ(0) = 0. Given an arbitrary
It can be seen that ∇ 2 f (S, t k,n ) is a positive semi-definite matrix and f (S, t k,n ) is jointly convex in (S, t k,n ). Hence, the constraint (10c) is convex and the proof ends.
IV. MAX SUM-THROUGHPUT OPTIMIZATION
In this section, we consider max sum-throughput (MST) problem, which can be formulated as following
It is quite challenging to deal with (16) directly. We introduce a variable ω k,n expressing the energy that user k only spends to transmit information to HAP n after power gain amplification and interference consumption. Let ω ω ω = ω k,n | n = 1, 2, · · · , N , k ∈ X n . Accordingly, only transmitting information power of user k is
. The achievable throughput of user k is
Therefore, problem (16) can be transformed to the following problem.
Note that (18d) indicates that only transmitting information power of user k is not greater than its SINR φ k,n .
Proposition 2: Problem (18) is convex. Proof: The constraints (18b) and (18c) are linear or convex. The right-hand-side of (18d) is concave because its second-order derivative is computed as −
To take n ∈ {1, 2, · · · , N } and k ∈ X n , the Hessian of (17) is
It can be seen that ∇ 2 R k (τ τ τ , ω ω ω) is a negative semi-definite matrix and R k (τ τ τ , ω ω ω) is jointly concave function of (τ τ τ , ω ω ω) T .
is also jointly concave function of (τ τ τ , ω ω ω) T due to summation of R k (τ τ τ , ω ω ω). Therefore, problem (18) is a convex optimization problem.
By proof, MMFT and MST both are convex optimization problems. Therefore, MMFT and MST can be efficiently solved using convex solvers, e.g., interior-point methods [22] .
V. SIMULATION RESULTS
In this section, we analyze the system performance of multicell WPCN by comparing MMFT and MST. Without loss of generality, the bandwidth is set as 1 Hz. Each cell radius is fixed at 8 meters. Suppose all channels are Rayleigh distributed. With channel reciprocity, the DL and UL channel power gains are equal, denoted by h n,k = g k,n = 10 −3 d −α n,k [4] . Here, α is the exponential pathloss factor which is set to be α = 2. d n,k is the distance between HAP n and user k. The noise power is set to be σ n = −100 dBm for n = 1, 2 · · · , N . The transmit power of HAPs are set to be P among all users. It can be expressed as τ k,n = 1 |X n |+1 and τ 0 = min(τ k,n ) for n = 1, 2, · · · , N and k ∈ X n . Fig. 2 and Fig. 3 show the minimum throughput and the sum-throughput versus number of users by MMFT, MST and IC-ETA in different number of cells. When N = 3, the number of users varies in 6 ≤ K ≤ 30 in Fig. 2 . In addition, when N = 7, the number of users varies in 14 ≤ K ≤ 70 in Fig. 3 .
From Fig. 2 , with increasing number of users, the sumthroughput increases but the minimum throughput decreases. This is because the ratio between K and N becomes large and each user is allocated less time. This results in a lower cell throughput. Although sum-throughput is large in MST, the minimum throughput of MST is lower than IC-ETA. In order to achieve the biggest sum-throughput in MST, users with better channel condition are allocated more time resources. By contrast, users with worse channel condition are allocated less time resources, resulting in extreme unfairness among all users. In Fig. 2(b) , MMFT achieves over 200% higher minimum throughput than MST. It shows that MMFT can ensure the fairness of all users especially the worse channel condition users. The minimum throughput of MMFT drops faster than MST as K increases, because MMFT is directly determined by the users near the cell edge. Besides, the curve slopes of three schemes decrease in Fig. 2(b) . This shows that the current number of HAP is not enough to meet the needs of more users. At this time, the more HAPs should be deployed. In Fig. 3 , the sum-throughput increases and the minimum throughput decreases in MMFT and IC-ETA. However, the sum-throughput increases firstly and then decreases in MST. The minimum throughput of MST shows decreases at first, then increases and decreases at last. This further illustrates that more HAPs should be deployed in the case of a large number of users. Fig. 4 shows the minimum throughput and the sumthroughput versus the amount of HAPs by MMFT, MST and IC-ETA. The number of users is fixed at K = 30 and the number of HAPs varies in 3 ≤ N ≤ 7. It can be observed that the minimum throughput and the sum-throughput are both increased as adding number of HAPs. The sum-throughput increase over 70% and the minimum throughput over 40% in MMFT. With more users, deploying more HAPs has obvious advantages. With the increasing population and demand for communications, the establishment of a multi-cell WPCN is conducive to development. In Fig. 4(b) , MMFT outperforms MST and IC-ETA. So the 'doubly near-far' problem can be addressed by MMFT. Fig. 5 shows the time resources allocated to user of the minimum throughput by MMFT, MST and IC-ETA when 6 ≤ K ≤ 30 and N = 3. As the number of users increases, the time allocation of user with the minimum throughput decreases. Compared with Fig. 2(b) , MMFT allocates over 600% more time than the MST, resulting in the minimum throughput of MMFT over 200% greater than MST. MMFT allocates more time in order to maximize the minimum throughput. However, MST allocates very little time to user with the minimum throughput, which aggravates to the 'doubly near-far' effect. From Fig. 5 , as the ratio between K and N becomes large, each user is allocated less time, resulting in the lower throughput. The best way is to increase the number of HAPs. Fig. 6 shows the time allocation of user with the minimum throughput versus the amount of HAPs (3 ≤ N ≤ 7) by MMFT, MST and IC-ETA when K = 30. It can be found that as the number of HAPs increases, the time allocation increases and thus higher throughput is obtained. Compared with Fig. 4(b) , the time allocation of user with the minimum throughput increase over 18% and the minimum throughput over 40% in MMFT. It can be seen from Fig. 6 , MMFT outperforms MST and IC-ETA. So the 'doubly nearfar' problem can be addressed by MMFT.
VI. CONCLUSION
In this paper, we have maximized the minimum throughput and sum-throughput of all users in a ''harvest-then-transmit'' protocol based multi-cell WPCN. It is of great challenge to solve the two issues directly due to their nonconvexity. To this end, we have equivalently converted them to convex ones by variable introduction and mathematical transformation, which enables us to utilize mature algorithms to solve them with global optimality. Numerical results have illustrated the effectiveness of the proposed approaches. In order to deal with the 'doubly near-far' problem and ensure the fairness of users, it is better to adopt the MMFT scheme. In addition, with more users, deploying more HAPs can achieve better throughput. 
